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Abstract
A computational model for the simulation of a double band collector-generator experiment is
applied to the situation where two electrochemical reactions occur concurrently. It is shown
that chronoamperometric measurements can be used to take advantage of differences in diffu-
sion coefficients to measure the concentrations of both electroactive species simultaneously, by
measuring the time at which the collection efficiency reaches a specific value. The separation
of the electrodes is shown to not affect the sensitivity of the method (in terms of percentage
changes in the measured time to reach the specified collection efficiency), but wider gaps can
provide a greater range of (larger) absolute values of this characteristic time. It is also shown
that measuring the time taken to reach smaller collection efficiencies can allow for the detection
of smaller amounts of whichever species diffuses faster. The case of a system containing both
ascorbic acid and dopamine in water is used to exemplify the method, and it is shown that mole
fractions of ascorbic acid between 0.055 and 0.96 can, in principle, be accurately measured.
Keywords
Dual microbands; Generator-collector systems; Simultaneous concentration measurements; Po-
tential step chronoamperometry.
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1 Introduction
Generator-collector double electrode systems have found great utility in electrochemistry1 since
their conception in the late 1950s.2 In general, a generator-collector experiment consists of a
reduction (or oxidation) at the generator electrode:
A± e− ⇋ B (1)
with a subsequent reaction, often the reverse of the first one, occurring at the collector electrode:
B∓ e− ⇋ A (2)
The collection efficiency, N , is defined as the ratio of the current measured at the collector
electrode to that measured at the generator electrode:
N = − Icol
Igen
(3)
Measuring the collection efficiency can give information on the species involved in the reactions.
If, for example, species B in the above scheme is unstable, and decomposes before it can reach
the collector electrode, the collection efficiency will decrease, giving a measure of the rate at
which the intermediate reaction occurs.3,4
A great variety of geometries of generator-collector systems have been studied, including
Nekresov’s original rotating ring disc2 (also extensively studied by Albery and coworkers3–26),
wall jet ring discs,27–29 dual band electrodes (used both in static solution30–33 and hydrodynamic
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electrochemistry in a flow cell34–37), dual discs38–40 and hemispheres,41–44 and ring- or plane-
recessed disc electrodes.45–47
The uses of collector-generator systems have proved at least as varied as their geometries!
In addition to the probing of follow up kinetics mentioned above, mechanistic details can be
elucidated, for example the extent to which hydrogen peroxide plays a role as an intermediate
in the reduction of oxygen to water.48–50 Other areas in which generator-collector systems
have been successfully employed include detection of micromolar concentrations,44 studies of
triple phase boundaries,42 and measurement of one species in the presence of other, interfering,
species.
Dual microband electrodes have previously been used byWilliams et. al.30–32 in electrochem-
ical titration experiments, where a species which has been electrogenerated at the generator
electrode undergoes a reaction with a target analyte in solution. Any surviving electrogenerated
species is then detected at the collector electrode:
A + e− → B Generator electrode (4)
B +W → Z Solution (5)
B− e− → A Collector electrode (6)
Measuring the collection efficiency as a function of time yields information on the rate of the
intermediate reaction, and hence the concentration of target analyte, W. Further studies by
Amatore et. al.33 have theoretically investigated applying potential pulses to the generator
electrode, and using the response at the collector electrode to obtain a time of flight for the
electrogenerated species, and hence a measure of its diffusion coefficient.
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In this paper, we consider a chronoamperometric experiment using dual microband elec-
trodes, with two electroactive species initially present in solution, A and X. Before the exper-
iment starts, the potentials applied to both electrodes are such that no reduction occurs. At
the beginning of the experiment, the potential applied to the generator electrode is stepped to
a value such that reduction of the electroactive species A and X occurs at a mass transport
controlled rate, forming B and Y. The potential at the collector electrode, however, remains at
a valu to re-oxidise the electrogenerated species at a mass transport controlled rate. Schematic
representations of the applied potentials, the currents produced, and the collection efficiency
as the experiment progresses are shown in Figure 1. The collection efficiency is seen to in-
crease with time, and continues to do so until it approaches 1 as time t → ∞. The rate at
which it increases will be dependent on how quickly the intermediate species, B and Y, diffuse
across the inter-electrode gap. If all species diffuse at the same rate, then the relative initial
concentrations of A and X will have no effect on how the collection efficiency varies with time.
If, however, the diffusion coefficients of the species produced at the generator are different,
they will traverse the gap between the two electrodes at different rates, and thus the collection
efficiencies attributable to each reaction will increase at different rates. The overall measured
collection efficiency will therefore depend upon the relative concentrations of the two species.
This study investigates the extent to which this is the case, and explores the application of this
to the simultaneous determination of the concentration of both electroactive species in solution.
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2 Theory
In this paper we consider potential step chronoamperometry at dual microband electrodes.
Two concurrent one electron reductions are considered to occur:
A + e− ⇋ B (7)
X + e− ⇋ Y (8)
The dual microband electrodes are considered to be parallel and effectively of infinite length.
One electrode (the generator electrode) has an applied potential such that the reductions both
occur at a mass transport controlled rate, and the other electrode (the collector electrode)
has an applied potential such that the reverse, oxidation, reactions occur at a mass transport
controlled rate. A schematic diagram of the dual microband electrodes is shown in Figure 2,
which also defines the Cartesian coordinates.
By considering the case where the length of the electrodes, l, is much greater than their
width, we, or the distance between them, d, the mass transport equation becomes two dimen-
sional. Assuming an excess amount of inert supporting electrolyte is present, such that mass
transport is diffusion only, the mass transport equation is:
∂ci
∂t
= Di
(
∂2ci
∂x2
+
∂2ci
∂y2
)
(9)
where ci is the concentration of species i (mol m
−3), Di is the diffusion coefficient of species i
(m2 s−1), and x and y are the coordinates defined in Figure 2 (m). All symbols are defined in
Table 1.
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2.1 Boundary conditions
Initially, throughout solution, species A and X are present in their bulk concentrations, while
species B and Y are not preset at all:
t < 0; all x; all y; cA = c
∗
A cB = 0 cX = c
∗
X cY = 0 (10)
At time t < 0, the potentials at both electrodes are such that no reactions occur, neither species
A nor X are reduced. At t = 0 the generator electrode potential is stepped to a value such
that species A and X are reduced at a mass transport controlled rate. The collector electrode
potential remains at the same value, such that species B and Y are re-oxidised at a mass
transport controlled rate. The generator electrode boundary condition is therefore:
t ≥ 0; − we −
d
2
≤ x ≤ −d
2
; y = 0


cA = 0
DB
(
∂cB
∂y
)
= −DA
(
∂cA
∂y
)
cX = 0
DY
(
∂cY
∂y
)
= −DX
(
∂cX
∂y
)
(11)
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and the collector electrode condition:
t ≥ 0; d
2
≤ x ≤ we +
d
2
; y = 0


DA
(
∂cA
∂y
)
= −DB
(
∂cB
∂y
)
cB = 0
DX
(
∂cX
∂y
)
= −DY
(
∂cY
∂y
)
cY = 0
(12)
On the insulating surface around (and between) the electrodes, a zero flux condition is imposed:
t ≥ 0; y = 0;


−we − d2 < x
−d
2
< x < d
2
(
∂ci
∂y
)
= 0
x > d
2
+ we
(13)
The bulk solution boundary is defined as being 6
√
Dmaxtmax from the electrode surfaces in the
x and y directions, as shown schematically in Figure 3, where Dmax is the largest diffusion
coefficient in the system and tmax is the duration of the experiment. This is known to be well
outside the diffusion layer.51–53 At these boundaries, concentrations are set at their bulk values.
Defining xmax as
d
2
+ we + 6
√
Dmaxtmax and ymax as 6
√
Dmaxtmax:
t ≥ 0;


x = −xmax; all y
x = xmax; all y cA = c
∗
A cB = 0 cX = c
∗
X cY = 0
all x; y = ymax
(14)
8
2.2 Normalised parameters
The model can be simplified by introducing a series of normalised parameters, which remove
scaling factors such as electrode size and bulk concentrations. A full list is given in Table 2.
After dimensional parameters have been substituted for normalised ones, the mass transport
equation becomes:
∂Ci
∂t
= D′i
(
∂2Ci
∂X2
+
∂2Ci
∂Y 2
)
(15)
The initial state of the system becomes:
τ < 0; all X ; all Y ; CA = 1 CB = 0 CX = C
∗
X CY = 0 (16)
After the potential step, the generator electrode boundary condition is:
τ ≥ 0; − 1− d
′
2
≤ X ≤ −d
′
2
; Y = 0


CA = 0
D′B
(
∂CB
∂Y
)
= −
(
∂CA
∂Y
)
CX = 0
D′Y
(
∂CY
∂Y
)
= −D′X
(
∂CX
∂Y
)
(17)
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and on the collector electrode:
τ ≥ 0; d
′
2
≤ X ≤ 1 + d
′
2
; Y = 0


(
∂CA
∂Y
)
= −D′B
(
∂CB
∂Y
)
CB = 0
D′X
(
∂CX
∂Y
)
= −D′Y
(
∂CY
∂Y
)
CY = 0
(18)
The insulating surface boundary condition becomes:
τ ≥ 0; Y = 0;


−1− d′
2
< X
−d′
2
< X < d
′
2
(
∂Ci
∂Y
)
= 0
X > d
′
2
+ 1
(19)
The bulk solution boundary is now defined to be 6
√
D′maxτmax from the electrodes, giving
Xmax =
d′
2
+ 1 + 6
√
D′maxτmax and Ymax = 6
√
D′maxτmax. Bulk boundary conditions therefore
become:
τ ≥ 0;


X = −Xmax; all Y
X = Xmax; all Y CA = 1 CB = 0 CX = C
∗
X CY = 0
all X ; Y = Ymax
(20)
10
2.3 Numerical methods
To obtain a numerical solution to the problem outlined above, the mass transport equation
and the boundary conditions are discretised according to the Crank Nicolson method54 and
solved using the alternating direction implicit (ADI) method in conjunction with the Thomas
algorithm.55
In addition to discretising the equations, spatial and temporal grids must be defined to solve
the equations over. The temporal grid begins at τ0 = 0 and is initially linear, with a step size
of ∆τ , until some switching time τs after which the grid expands:
τ < τs τk = τk−1 +∆τ (21)
τ ≥ τs τk = τk−1 + γτ (τk−1 − τk−2) (22)
The spatial grid in the Y direction simply expands away from the electrode/insulating surface.
The first point, Y0, is set as 0, and the second point some value ∆Y . The rest of the grid is
defined:
Yj = γY Yj−1 (23)
In the X direction, the grid is similarly defined, and expands away from points located at both
edges of each electrode, until it reaches either the centre of an electrode (X = ±
(
0.5 + d
′
2
)
),
the centre of the inter-electrode gap (X = 0), or the edge of the simulation space. To achieve
convergence, the following parameters were used: ∆τ = 1 × 10−7, τs = 1 × 10−4, γτ = 1.0001,
∆Y = 8 × 10−5, γY = 1.125. The model was programmed in C++ and all simulations carried
out on an Intel(R) Xenon(R) 2.26 GHz PC with 2.25 GB RAM.
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3 Theoretical Results
3.1 Varying relative concentrations of species A and X
If, during a double electrode potential step chronoamperometry experiment as described above,
only one of reactions 7 and 8 above is considered to occur in isolation at the generator electrode,
with the reverse reaction occurring at the collector electrode (both at mass transport controlled
rates), then the rate at which the collection efficiency increases will be a function of the inter
electrode distance, and the diffusion coefficients of the species involved. Species which diffuse
more slowly will traverse the gap more slowly, resulting in a lower collection efficiency at any
given time from the start of the experiment. So if two separate experiments are run, one with
reaction 7 and one with reaction 8, and species B and Y have different diffusion coefficients, then
at any given time after the beginning of the experiment the measured collection efficiencies will
be different. If both reactions occur together in the same experiment, the measured collection
efficiency will be somewhere between the two individual cases.
This is exemplified in Figure 4, which shows simulated collection efficiencies for a variety
of relative initial concentrations of species A and B. In the simulations, D′A = D
′
B = 1, D
′
X =
D′Y = 0.1 and d
′ = 0.1. It is seen that as CX approaches zero, the measured collection efficiency
curves begin to converge on each other, eventually reaching the result obtained when only
species A is present in solution. Conversely, as CX becomes very large, the results converge on
the limit where only species X is initially present in solution.
Using this result, the relative concentrations of species A and X in a solution of unknown
composition can be determined. If the time taken for the collection efficiency to reach some
specified value, say 0.5, is measured, and compared to a calibration curve, the relative concen-
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trations of species A and X can be estimated. The absolute, un-normalised values can then be
calulated from the magnitudes of the collector and generator currents.
Figure 5 shows the dimensionless time taken for the collection efficiency to reach 0.5, τ0.5,
for various values of CX and D
′
X. In each case, d
′ = 0.1, D′B = D
′
A and D
′
Y = D
′
X. It is seen that
the sensitivity of this method increases as the relevant diffusion coefficients become more and
more different from each other (uppermost line in Figure 5). Conversely, when the diffusion
coefficients are equal to each other, this method becomes completely insensitive to the solution
composition. More specifically, it is seen that:
τCX=00.5
τCX→∞0.5
=
D′A
D′X
(24)
so if species A and B diffuse 10 times faster than species X and Y, τ0.5 increases 10 fold between
the limits of only A initially present and only X initially present.
3.2 Effect of Inter-Electrode Distance
By changing the value of d′, the effect of the inter-electrode distance on the sensitivity of this
method to determine two concentration simultaneously can be investigated. Figure 6 (a) shows
the calibration curves obtained when D′X = 0.1 for the three dimensionless inter-electrode
distances d′ = 0.1, 0.5 and 1. Figure 6 (b) shows these curves normalised to the values of τ0.5
obtained when CX = 0, τ
CX=0
0.5 . (c) and (d) show the same, but now for D
′
X = 0.9. It is seen
from (a) and (c) that larger gaps between the electrodes produce larger absolute differences
between the extremes of the calibration curves. The normalised curves, however, show that
the values of τ0.5 taken relative to the lower extremes are completely insensitive to the inter-
13
electrode distance, whether the diffusion coefficients are very different or nearly the same.
This insensitivity (in the relative values) makes the ideal gap size a matter of experimental
convenience. This may favour larger gap sizes which produce greater changes in the absolute
values of τ0.5 across the calibration curve, although this must be balanced with the longer
experimental timescales necessary with larger gaps.
3.3 Effect of the Chosen Collection Efficiency
In the above considerations, a collection efficiency of 0.5 was arbitrarily chosen as the point
at which to construct the calibartion curves. Other points may however be used. Figure 7
shows the calibration curves obtained by taking measurements at collection efficiencies of 0.01,
0.1 and 0.5, corresponding to τN = τ0.01, τ0.1 and τ0.5 respectively. Figure 7 (a) shows the
absolute τN values taken at each point, and Fiure 7 (b) shows these values relative to the lower
extremes where CX = 0, τ
CX=0
N . In each case, D
′
A = D
′
B = 1, D
′
X = D
′
Y = 0.1 and d
′ = 0.1. The
un-normalied plots show that calibration curves taken at higher collection efficiencies produce a
much larger range of absolute τ values, with smaller collection efficiencies producing extremely
small values of τ which may prove difficult to measure experimentally (τ0.01 varies between the
extremes of 0.003689 and 0.03689). However, the normalised plots in Figure 7 (b) show that
using a smaller collection efficieny, here 1%, can make the calibration curve sensitive to smaller
(relative) concentrations of species A, the faster diffusing species (i.e. higher values of CX). If,
therefore, the difficulties in accurately measuring such small times can be overcome, using a
small collection efficiency as the basis of the calibration curve may be desirable if one of the
two species (the faster diffusing one) is present in trace quantities.
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3.4 Theoretical Application to Simultaneous Analysis of Ascorbic
Acid and Dopamine
Ascorbic acid (AA) and dopamine (Dop) are biologically important molecules, both vital to
human health, and a great deal of research has been conducted to detect one in the presence
of the other.47,56,57 To show how this method of measuring the concentration of two species
simultaneously can be used, these two molecules are taken as examples. Dual band chronoam-
perometry is simulated, oxidising AA and Dop at the generator electrode and re-reducing them
at the collector. The diffusion coefficients of AA and Dop in water have been measured as
0.53× 10−5 and 0.60× 10−5 cm2 s−1 respectively,58 and the diffusion coefficients of the reduced
species are assumed to be the same as for the parent species. The band electrodes are taken
to be 10 µm in width, and two gap sizes are considered, 1 µm and 10 µm. The simulated cali-
bration curves produced are shown in Figure 8. For both inter-electrode distances, the central
90% of the τ0.5 range covers values of cAA/cDop ranges of 0.058 to 21.88 (corresponding to mole
fractions of AA of 0.055 to 0.96).
4 Summary of Method
The steps involved in using this method to simultaneously determine two concentrations can
be summarised as follows:
i) Construct59 or purchase dual microband electrodes of known dimensions. A larger inter-
electrode distance will result in a greater range of times to reach a given collection efficiency,
although the relative sensitivity is not affected by the inter-electrode distance.
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ii) If the diffusion coefficients of species A, B, X and Y are unknown, these should be measured
using single and/or double potential step chronoamperometry at a single electrode (e.g. a
microdisc).
iii) Construct a calibration curve of relative concentration plotted against the time taken for
the collection efficiency to reach a certain value when performing potential step chronoam-
perometry at dual microband electrodes. This can be done computationally as outlined
above, or experimentally using solutions of known relative concentrations. Choosing a
smaller collection efficiency will allow for more accurate measurement of trace amounts
of the faster diffusing species, but will also require smaller timescales to be accurately
measured.
iv) The time taken for the collection efficiency to reach the specified value can then be measured
for a solution of unknown composition, and the relative concentrations determined from
the calibration curve.
It should be noted that in this work, only analytes which do not undergo follow up homo-
geneous kinetics are considered. The effect of homogeneous kinetics would lower the collection
efficiencies, and will add some difficulties in selecting an appropriate collection efficiency target
and electrode geometry (the previously advantageous larger gap size would now only further
decrease collection efficiencies as follow up kinetics have longer to progress). Further, the scope
of this work only includes electron transfers in the infinitely fast Nernstian limit. The effect
of slower electron transfer on chronoamperometry has been studied by this group previously,60
and its application to this method is facile.
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5 Conclusions
In this study, we have demonstrated the use of dual microband electrodes in chronoamperomet-
ric generator/collector mode to detect the concentrations of two competing electroactive species
simultaneously, provided the diffusion coefficients involved are known or separately measured,
and are not equal to each other. An example case of ascorbic acid and dopamine in water
was used, and a theoretical range of detectable mole fractions of ascorbic acid was found to be
between 0.055 and 0.96. It has been shown that the timescales involved using dual bands in
this method are reasonable and easily measurable, whereas an interdigitated array, for exam-
ple, would produce high collection efficiencies at much shorter and harder to measure times.
A further possible example where this could be usefully applied would be for detecting the
relative concentrations of two enantiomers, which could be given different diffusion coefficients
by the use of a chiral solvent. After calibration, the experimental ease of this method makes it
ideal for use in detecting the individual concentrations of two otherwise difficult to discriminate
species in a quick and cheap manner.
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Figure 1: Schematic diagram of (a): The potentials applied to the generator and collector
electrodes during a chronoamperometric experiment and (b): The current responses and the
collection efficiency.
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Figure 2: Schematic diagram of a dual microband electrode system
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Figure 3: Schematic diagram of the simulation space used in this study
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Figure 4: Collection efficiencies for various values of CX as a function of dimensionless time.
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Figure 5: τ0.5, the time taken for the collection efficiency to reach 0.5, as a function of log10(CX),
for various values of D′X. d
′ = 0.1, D′B = D
′
A (= 1), D
′
Y = D
′
X
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Figure 6: (a): Absolute values of τ0.5 as a function of log10(CX) for various gap sizes, with
D′X = 0.1. (b): as (a), but τ0.5 values taken relative to its value when CX = 0 for each gap size.
(c) and (d) as (a) and (b), except with D′X = 0.9.
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Figure 7: (a): Absolute values of τN as a function of log10(CX) for various values of N , with
d′ = 0.1 and D′X = 0.1. (b): as (a), but τN values taken relative to its value when CX = 0 for
each value of N .
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Figure 8: t0.5 as a function of log10(
CAA
CDop
). Electrode widths, we = 10 µm. (a): Gap size,
d = 1µm, (b): Gap size, d = 10 µm.
31
Tables
32
Parameter Description Units
ci Concentration of species i mol m
−3
c∗i Bulk solution concentration of species i mol m
−3
d Inter-electrode distance m
Di Diffusion coefficient of species i mol m
−2
I Current A
l Electrode length m
N Collection efficiency Unitless
t Time s
tN Time taken for collection efficiency to reach N s
we Electrode width m
x x coordinate m
y y coordinate m
z z coordinate m
Table 1: Parameter definitions
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Normalised Parameter Definition
Ci
ci
c∗
A
d′ d
we
D
′
i
Di
DA
τ DA
w2
e
t
τN
DA
w2
e
tN
X x
we
Y y
we
Table 2: Normalised parameter definitions
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